Approximately 75% of the human genome is transcribed, the majority of which does not encode protein.
Transcription by RNA polymerase II (RNAPII) is widespread throughout the genome and not limited to coding sequences. In fact, nongenic regions account for the majority of sequences transcribed by RNAPII in higher eukaryotes (Djebali et al. 2012; Stamatoyannopoulos 2012) . Noncoding RNA (ncRNA) is produced from many different regulatory regions in cells, including the 39 ends of protein-coding genes, divergent transcription from promoters, and other distal regulatory elements, including enhancers or other gene-distal DNase I-hypersensitive sites (DHSs) (Jacquier 2009 ). While ncRNAs such as ribosomal RNAs (rRNAs), microRNAa (miRNAs), Piwiinteracting RNAs (piRNAs), and some long ncRNAs (lncRNAs) have well-established functions, the functions of the vast majority of ncRNAs discovered by transcriptome sequencing, if any, are unknown.
Antisense transcripts originating from promoters and aberrant transcription from intragenic regions have been well described in a diverse set of eukaryotes (Kaplan 2003; Carrozza et al. 2005; Cheung et al. 2008; Preker et al. 2008; Seila et al. 2008; Xie et al. 2011; Carvalho et al. 2013 ). In addition, transcription termination sites (TTSs) possess a promoter architecture sufficient to permit transcription initiation (Whitehouse et al. 2007; Murray et al. 2012; Castelnuovo et al. 2014) . The mechanisms that regulate transcription start site (TSS)-associated ncRNA expression have recently been examined by several groups (Huang and Workman 2013) . In mammalian cells, Ó 2015 Hainer et al. This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the first six months after the full-issue publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After six months, it is available under a Creative Commons License (Attribution-NonCommercial 4.0 International), as described at http:// creativecommons.org/licenses/by-nc/4.0/. cotranscriptional and post-transcriptional mechanisms that mediate early termination of antisense ncRNAs and degradation by the RNA exosome complex combine to limit the abundance of TSS-associated RNAs relative to messenger RNAs (mRNAs) initiating from the same promoters (Arigo et al. 2006; Thiebaut et al. 2006 ; Thompson and Parker 2007; Preker et al. 2008; Flynn et al. 2011; Almada et al. 2013; Ntini et al. 2013 ). Furthermore, a recent study in yeast has shown that the chromatin assembly complex CAF-1 represses divergent (antisense) transcription at promoters (Marquardt et al. 2014) . These findings suggest that promoters are biased toward transcription of the coding transcript in wild-type yeast cells, and this bias is enforced in part by CAF-1.
In contrast, most transcription of noncoding regions in higher eukaryotes occurs at distal regulatory regions of the genome (Djebali et al. 2012) . While only ;2% of the human genome constitutes coding sequences (International Human Genome Sequencing Consortium 2004; Elgar and Vavouri 2008) , ;75% of the human genome is transcribed, including a large fraction of gene-distal intergenic DNA (Djebali et al. 2012) . Although little is known about most of these ncRNAs, short ncRNA molecules, termed eRNAs, are expressed from within enhancer regions (Kim et al. 2010; Wang et al. 2011a ), suggesting that intergenic regions of open chromatin structure bound by transcription factors may be poised for RNAPII firing and ncRNA expression. However, the functions and regulation of the majority of these transcripts remain largely undefined.
Transcription by RNAPII through a chromatin template is a highly regulated process (Schwabish and Struhl 2004; Weiner et al. 2010; Adelman and Lis 2012) . Nucleosomes, the basic units of chromatin, impact the regulation of transcription in several ways. Most significantly, nucleosomes interfere with binding of sequence-specific transcription factors and general transcription machinery (Almer and H€ orz 1986; Boeger et al. 2003) . Consequently, active enhancers and promoters generally contain nucleosome-depleted regions (NDRs) that are important for their functions (Yuan et al. 2005; Mavrich et al. 2008) . Similarly, at TTSs, NDRs facilitate efficient termination of transcripts through recruitment of termination factors and promote gene looping in some contexts (Tan-Wong et al. 2012; Yadon et al. 2013) . Therefore, NDRs within chromatin are critical for multiple aspects of transcriptional regulation.
One key gene regulatory mechanism shared among eukaryotes is the control of access to regulatory sequences by transcription factors through alteration of nucleosome occupancy or positioning. Nucleosome remodeling factors use the energy from ATP hydrolysis to reposition, deposit, or remove nucleosomes at regulatory regions and therefore can inhibit or promote binding of sequence-specific proteins to DNA (Racki and Narlikar 2008) . The embryonic stem cell (ESC)-specific chromatin remodeling complex esBAF, a member of the SWI/SNF family of remodelers, plays a key role in regulating transcription of proteincoding genes and is required for the maintenance of pluripotency (Ho et al. 2009b) . While esBAF has established roles in regulation of the expression of coding genes, the majority of esBAF binding occurs at gene-distal DHSs, many of which are regulatory regions bound by specific transcription factors (Ho et al. 2009a (Ho et al. , 2011 . Furthermore, esBAF is necessary for maintaining open chromatin structure over many DHSs in ESCs, consistent with its role as an activator of transcription (Ho et al. 2011 ) and raising the possibility that esBAF may activate expression of ncRNAs throughout the genome. However, the mechanisms by which esBAF regulates binding of transcription factors to these regions and how this contributes to regulation of gene expression are not well understood. Furthermore, while esBAF binds many regions of the genome where ncRNAs are expressed, whether and how it regulates ncRNA expression at these sites has not been examined.
Here, we test the hypothesis that esBAF is necessary for pervasive ncRNA expression observed throughout the genome of mammalian cells. We predicted that esBAF's established function to maintain chromatin in an accessible state at gene-distal DHSs and over promoter-proximal regions of coding genes would facilitate ncRNA expression from these sites. Contrary to expectations, we found that esBAF functions mainly as a repressor of ncRNA expression from ;57,000 NDRs throughout the ESC genome, the majority of which are located far from coding regions. Consistent with these findings, we observed similar alterations in chromatin structure in ESCs depleted of esBAF at gene-distal and gene-proximal NDRs from which ncRNAs are expressed. In the absence of esBAF, NDRs typically gain higher levels of nucleosome occupancy, and nucleosome occupancy is reduced over regions immediately adjacent to NDRs. Upon forcing elevated nucleosome occupancy adjacent to two such NDRs using a nucleosome-positioning sequence, we found that esBAF is no longer required to prevent transcription of the underlying ncRNAs. Therefore, we conclude that esBAF suppresses noncoding transcription from NDRs by enhancing the occupancy of flanking nucleosomes. Interestingly, depletion of the BAF catalytic subunit Brg1 has a minimal effect on ncRNA expression in mouse embryonic fibroblasts (MEFs), suggesting that either an alternative BAF complex or a BAF-independent pathway regulates ncRNA expression in differentiated cells. Together, our data show a novel role for esBAF in repressing ncRNA expression through targeted enhancement of nucleosome occupancy at the boundaries of NDRs across the ESC genome.
Results
esBAF represses transcription of ncRNAs throughout the ESC genome esBAF localizes to regions of open chromatin throughout the murine ESC genome, with >80% of its peaks of binding occurring within DHSs, including both genedistal DHSs and TSSs of genes (Ho et al. 2009a (Ho et al. , 2011 . Furthermore, esBAF is necessary for maintaining a DNase I-accessible chromatin configuration at many of these sites (Ho et al. 2011) . These findings raise the possibility that esBAF may activate expression of ncRNAs expressed from these locations by maintaining open chromatin structure. To test this possibility, we performed two complementary RNA sequencing (RNA-seq) techniques, CapSeq and whole-transcript, strand-specific RNA-seq. CapSeq sequences capped RNA species from their 59 end and therefore identifies the precise start sites of capped transcripts, allowing us to determine the genomic features from which ncRNAs initiate as well as measure their relative abundance genome-wide (Gu et al. 2012) .
We compared the locations and abundance of capped transcripts in control (EGFP knockdown) ESCs and Smarca4 knockdown ESCs, which were depleted of the esBAF catalytic subunit Brg1 (gene name Smarca4) (Supplemental Fig. S1A,B ). We performed acute knockdowns for 48 h, a time point at which we observed robust Brg1 depletion in ESCs (Supplemental Fig. S1A,B ) but before self-renewal is impaired (Supplemental Fig. S1C,D) . Using CapSeq, we observed clusters of ncRNAs initiating from within or near several genomic features associated with ncRNA expression, including gene-distal DHSs (Fig.  1A,B ), TSSs (in the antisense orientation) (Fig. 1C ,D), intragenic regions ( Fig. 1E ,F), and TTSs ( Fig. 1G ,H) in duplicate CapSeq data sets from each knockdown.
Contrary to our expectations, when we quantified capped ncRNAs originating from these genomic features, we observed a significant and global increase in noncoding transcripts at each of these regions . In addition to regulation of ncRNA expression, we considered the possibility that esBAF regulates the locations of transcription initiation of both coding and noncoding transcripts. Therefore, we examined the distribution of TSS locations within the CapSeq data to test whether knockdown of Smarca4 alters TSS usage. We observed modest but significant changes (P = 1.532 3 10 À14 ; Kolmogorov-Smirnov test) in the distribution of transcript initiation sites upon Smarca4 knockdown both upstream of and downstream from TSSs (Supplemental Fig. S3A -C,G), indicating that esBAF likely regulates alternative TSS usage at some genomic loci. In sum, CapSeq analyses demonstrate both a broader range of sequences at which transcription initiates upon esBAF loss and an increase in abundance of ncRNAs at multiple classes of genomic regions, including gene-distal DHSs, promoters, gene bodies, and transcriptional termini.
Having identified multiple genomic locations from which ncRNAs are up-regulated upon esBAF depletion, we wished to characterize these transcripts in greater detail. Although CapSeq provides insight into the start sites of ncRNAs, it provides no information about the lengths of these transcripts. Therefore, to confirm the role of esBAF in repression of pervasive ncRNA transcription by an independent assay and better understand the nature of these transcripts, we performed whole-transcript, strandspecific RNA-seq on duplicate samples of EGFP and Smarca4 knockdown ESCs. We confirmed the increase in abundance of noncoding transcripts observed by CapSeq in Smarca4 knockdown surrounding DHSs, TSSs, and TTSs ( Fig. 2A-C) . Importantly, ncRNAs expressed from DHSs and TSSs bound by esBAF were strongly derepressed upon Smarca4 knockdown, whereas DHSs and TSSs not bound by esBAF were not affected (Supplemental Fig. S4 ).
These data strongly suggest that the majority of these transcripts are directly regulated by esBAF, although the possibility that some individual transcripts are indirectly affected by esBAF depletion cannot be excluded. On average, we observed ncRNA reads extending ;0.5-1 kb from their initiation sites at each genomic feature ( Fig. 2A -C), consistent with the size distribution of several classes of ncRNAs, including eRNAs and lncRNAs (Natoli and Andrau 2012; Rinn and Chang 2012) . Next, we calculated the number of transcripts, both coding and noncoding, that were significantly altered upon Smarca4 knockdown using a false discovery rate of 10% as calculated by DEseq (Anders and Huber 2010) . Interestingly, while acute Smarca4 knockdown resulted in significantly reduced expression of 2843 mRNAs and increased expression of 1856 mRNAs (Supplemental Fig. S5A,B ), Smarca4 knockdown had a much stronger global effect on ncRNA expression, suggesting that esBAF regulates far more ncRNAs than mRNAs (Supplemental Fig. S5A ). Specifically, we observed significant changes in the expression of ;15-fold more ncRNAs than mRNAs upon Smarca4 knockdown throughout the genome, with 64,282 ncRNA transcripts significantly up-regulated and 6214 ncRNA transcripts significantly down-regulated relative to control cells ( Fig. 2D-H) . Importantly, the majority (87%) of ncRNAs up-regulated upon Smarca4 knockdown were expressed from gene-distal DHSs, consistent with prior data showing that the largest class of genomic regions enriched for esBAF binding are gene-distal DHSs (Ho et al. 2009a) . Interestingly, at promoters, where the relationship between sense (mRNA) and antisense ncRNA transcription can be examined, we observed no correlation between mRNA and antisense ncRNA expression upon esBAF knockdown (Supplemental Fig. S5C -E), suggesting that most sense/antisense pairs of transcripts are regulated independently in ESCs. Together, these data indicate that, in ESCs, esBAF plays a much broader role in silencing expression of ncRNAs than its well-established function in regulation of protein-coding transcripts.
We confirmed these findings by randomly primed and strand-specific RT-qPCR at a subset of DHS-flanking regions and regions immediately upstream of promoters ( Fig. 2I ; Supplemental Fig. S1E ,F), validating the data from both RNA-seq techniques. Control promoters and DHSs, which did not show significant changes in ncRNA expression in our genomic data sets, were also not changed in RT-qPCR analyses ( Fig. 2I; Supplemental Fig. S1E -F). We performed oligo-dT RT-qPCR and observed similar results, demonstrating that at least some ncRNA transcripts are polyadenylated (Supplemental Fig. S1G ).
Next, we tested the specificity of the knockdown phenotype in two ways. First, we used a nonoverlapping pool of Smarca4 endoribonuclease III-digested siRNAs (esiRNAs) and observed similar changes in ncRNA expression (Supplemental Fig. S6A-C ). Second, we tested whether the increased ncRNA expression observed upon Smarca4 knockdown could also be observed upon knockdown of two additional esBAF subunits, Smarcc1 (Baf155) and Smarcd1 (Baf60a) (Supplemental Fig. S1H ). We observed similar increases in ncRNA expression upon knockdown of Smarca4, Smarcc1, or Smarcd1 (Fig. 2J ), confirming that Brg1 functions through esBAF. Therefore, the fact that nonoverlapping Smarca4 esiRNAs as well as individual knockdowns of multiple esBAF subunits all result in the same effect on ncRNA expression demonstrates the specificity of the knockdown phenotypes. Together, these data reveal a novel role for esBAF in repressing ncRNAs that, in the absence of esBAF, are expressed broadly throughout the ESC genome from both gene-distal and gene-proximal locations.
Brg1 is dispensable for repressing ncRNA expression in MEFs
Distinct forms of the BAF complex are expressed in different cell types, each with individual regulatory functions Wu et al. 2007; Ho et al. 2009b) . To test whether the function of esBAF to suppress ncRNA expression is conserved in a somatic cell type, we performed CapSeq in EGFP knockdown and Smarca4 knockdown MEFs in duplicate (Supplemental Fig. S7A,B ). In comparison with ESCs, we found far fewer changes in the locations of transcription initiation sites upon Smarca4 knockdown in MEFs (Supplemental Fig. S3D-F ). Furthermore, in MEFs, we observed low levels of ncRNA expression at DHSs, promoters, intragenic regions, and TTSs irrespective of Smarca4 depletion (Supplemental Figs. S2A-D, S7C-E), indicating that ncRNA expression is maintained at low levels in MEFs, similar to those in wild-type ESCs, independently of Brg1. However, it remains possible that an alternative BAF complex in MEFs that contains the Brm ATPase in place of Brg1 may perform this repressive function. Consistent with our findings in MEFs, we found that multilineage differentiation of ESCs within embryoid bodies reduced ncRNA expression genome-wide, suggesting that most ncRNAs that are detectable in ESCs are silenced in many differentiated cell types (Supplemental Fig. S2E-H) . In sum, these data suggest a cell type-specific role for BAF in repression of spurious transcripts in ESCs and raises the possibility that distinct mechanisms for silencing ncRNAs may operate in different cell types. esBAF regulates nucleosome occupancy within and adjacent to NDRs SWI/SNF complexes have established functions in many organisms to disrupt nucleosome architecture in order to increase accessibility of regulatory sequences and activate gene expression (Hirschhorn et al. 1992; Khavari et al. 1993; Laurent et al. 1993; Ho et al. 2009a; Yildirim et al. 2011) . esBAF binds many gene-distal DHSs and promoters and functions at these sites to maintain chromatin in an accessible state (Ho et al. 2011) . Consequently, given our finding that esBAF represses rather than activates ncRNAs, the mechanism of ncRNA regulation by esBAF at these regions was not obvious. Therefore, to address this question, we examined the changes in genome-wide nucleosome architecture in ESCs upon Smarca4 knockdown using micrococcal nuclease (MNase) digestion of chromatin followed by deep sequencing (MNase-seq).
Smarca4 knockdown ESCs were digested with MNase side by side with previously described control (EGFP knockdown) ESCs (Supplemental Fig. S8A ; Carone et al. 2014 ) and pairedend sequenced (see the Supplemental Material for details).
Previously, we showed that control knockdown ESCs exhibit well-established features of chromatin structure that are conserved in a wide variety of eukaryotes (Hughes and Rando 2014) . Regulatory elements generally exhibit dramatic nucleosome depletion, often flanked by well-positioned nucleosomes upstream (À1 nucleosome) and downstream (+1 nucleosome) followed by less wellpositioned nucleosomes (Carone et al. 2014) . This is particularly notable for gene-distal DHSs, the genomic feature most strongly enriched for esBAF binding (Ho et al. 2009a) , where control knockdown cells exhibit a large NDR and well-positioned flanking nucleosomes (Fig. 3A,B) . Similar features are observed at promoters and at binding sites for the genomic insulator CTCF (see below), while TTSs are generally followed by a large NDR (Carone et al. 2014) .
By comparison, Smarca4 knockdown ESCs show significant changes in nucleosome occupancy at several classes of regulatory elements. Consistent with the role of esBAF in maintaining accessibility of gene-distal DHSs (Ho et al. 2011) , we observed a significant increase in nucleosome occupancy over DHS peaks upon Smarca4 knockdown (Fig. 3A,B ). Interestingly, we found that Smarca4 knockdown ESCs also exhibit a significant decrease in nucleosome occupancy immediately flanking DHSs (Fig. 3A,B) , which was apparent for two to three nucleosomes on each side of the NDR, on average ( Fig. 3B ). Upon Smarca4 knockdown, DHSs with high levels of esBAF binding exhibited much larger increases in nucleosome occupancy over NDRs and decreases in nucleosome occupancy flanking NDRs relative to DHSs lowly bound by esBAF ( Fig. 3C ), demonstrating that esBAF directly mediates these effects on chromatin structure. Conversely, we found that knockdown of Smarca4 in MEFs was not accompanied by a reduction in nucleosome occupancy at multiple genomic regions tested in MEFs (Supplemental Fig. S7F ), consistent with the low levels of ncRNA expression with or without Smarca4 knockdown in this cell type.
We validated these findings in two additional ways. First, the effect of Smarca4 knockdown is not a result of technical variation in this protocol, as knockdown of an independent chromatin regulator, Mbd3, reveals no noticeable effects on occupancy of nucleosomes flanking DHSs and reduced occupancy over DHSs themselves (Supplemental Fig. S8B ), consistent with the known role of Mbd3/NuRD as a transcriptional repressor that functions at both promoters and enhancers (Reynolds et al. 2011; Yildirim et al. 2011; Whyte et al. 2012) . Second, we independently confirmed the differences that we observed in flanking nucleosome occupancy and nucleosome depletion over DHSs upon Smarca4 knockdown at multiple genomic targets using histone H3 chromatin immunoprecipitation (ChIP) and MNase protection assays, respectively (Fig. 3D,E) .
Significantly, nucleosome occupancy over other genomic regions that exhibit enhanced ncRNA expression Cold Spring Harbor Laboratory Press on April 15, 2015 -Published by genesdev.cshlp.org Downloaded from upon esBAF depletion were similarly affected. Noncoding regions upstream of promoters and downstream from TTSs exhibited significantly reduced nucleosome occupancy upon Smarca4 depletion, consistent with the enhanced expression of ncRNAs observed at these sites (Fig. 4A,B) . These sites are affected less strongly than gene-distal DHSs, consistent with the fact that esBAF binds many more DHSs (Ho et al. 2009a ) and regulates many more ncRNAs at these sites than promoters or TTSs. In contrast, we observed a small but significant increase in nucleosome occupancy over the NDR and +1 nucleosome of coding genes, consistent with the combined and opposing effects of down-regulation of 11% of coding genes and up-regulation of 7% of coding genes upon Smarca4 knockdown (Fig. 4A ). Unlike our findings at gene-distal DHSs, we observed only minor alterations in nucleosome occupancy over CTCF-binding sites (which represent a subset of DHSs), indicating that the changes that we observed in nucleosome occupancy were not found at all genomic locations (Fig. 4C) .
As with gene-distal DHSs, we confirmed the differences in occupancy of the À1 nucleosome, the +1 nucleosome, and NDRs upon Smarca4 knockdown at multiple promoter-proximal regions using histone H3 ChIP and MNase protection assays (Supplemental Fig S9) . Over promoters, we examined the effects of Smarca4 knockdown over a broad range of gene expression (Supplemental Fig. S8C -G) and found that esBAF plays a larger role in chromatin regulation at genes regulated and/or occupied by esBAF ( Supplemental  Fig. S10 ), just as we found for gene-distal DHSs.
In conclusion, these results reveal that esBAF not only maintains DHSs in a relatively nucleosome-depleted state but also functions to maintain high levels of nucleosome occupancy immediately flanking these regions. Stabilization of nucleosomes flanking regulatory elements is an unanticipated function for esBAF in control of chromatin architecture and suggests a potential mechanism by which ATP-dependent nucleosome remodeling may regulate expression of ncRNAs throughout the genome.
esBAF-dependent nucleosome occupancy adjacent to NDRs correlates with repression of ncRNAs
The decrease in nucleosome occupancy flanking genedistal DHSs upstream of TSSs and downstream from TTSs in Smarca4 knockdown cells suggests that esBAF may regulate the transcription of ncRNAs through a mechanism that is distinct from its well-described function to maintain open chromatin structure over transcription factor-binding sites. These findings raise the possibility that increased nucleosome occupancy (catalyzed by esBAF) adjacent to NDRs may repress transcription of ncRNAs throughout the genome. Consistent with this possibility, when we grouped DHSs into quartiles based on their levels of ncRNA expression upon esBAF depletion, we found that DHSs that express ncRNAs most strongly upon esBAF depletion lose flanking nucleosome occupancy to a much greater degree than DHSs at which ncRNAs are not derepressed upon esBAF depletion (Fig. 4D) . In contrast, average nucleosome occupancy increased over DHS NDRs upon Smarca4 knockdown whether or not up-regulation of ncRNAs was observed (Fig. 4D ). To further investigate the possible connection between nucleosome occupancy flanking NDRs and repression of aberrant transcription, we compared alterations in nucleosome occupancy flanking gene-distal DHSs upon Smarca4 knockdown (by MNase-seq) with alterations in ncRNA levels at these sites, expressing each as a ratio (log 2 [Smarca4 knockdown/EGFP knockdown]) ( Fig. 4E ). We found that the vast majority of DHSs with decreased flanking nucleosome occupancy exhibited an increase in ncRNA expression upon Smarca4 knockdown (Fig. 4E,  left) . A similar relationship was observed for ncRNA expression that occurs antisense to the promoters of protein-coding genes and loss of nucleosome occupancy upstream of promoter regions (À1 nucleosome) (Fig. 4E,  right) . Furthermore, the correlation between reduced nucleosome occupancy (green in Fig. 4E ) and increased ncRNA expression (yellow in Fig. 4E ) was highly significant (P < 2.2 3 10 À16 for DHSs and P = 3.9 3 10 À16 for TSSs, Spearman's rank order correlation). We observed similar results when we compared ratios of CapSeq reads at DHSs and TSSs with alterations in nucleosome occupancy (data not shown). Finally, we assessed the performance of changes in nucleosome occupancy upon Smarca4 knockdown as a predictor of ncRNA expression, plotting the true positive rate versus the false positive rate for each. While alterations in occupancy over DHS NDRs were poor predictors of ncRNA expression ( Fig. 4F , blue line), alterations in flanking occupancy were strongly predictive (Fig. 4F, red  line) , consistent with the correlation analyses shown above. We observed a similar, but weaker, effect on alterations in nucleosome occupancy upstream of gene promoters as a predictor of antisense ncRNA expression, whereas alterations in occupancy over TSS NDRs were uninformative (Fig. 4G) . Taken together, these data suggest that esBAF directly represses expression of ncRNA by enhancing nucleosome occupancy surrounding gene regulatory regions.
Forced nucleosome occupancy adjacent to an NDR represses ncRNA expression independently of esBAF
To directly test whether esBAF represses ncRNA expression by enhancing nucleosome occupancy flanking NDRs, we independently replaced the DNA sequence of two NDR-flanking nucleosomes with the previously described superbinder (SB) nucleosome-positioning sequence (Wang et al. 2011b ) using CRISPR/Cas9-stimulated recombination (Cong et al. 2013; Wang et al. 2013) . For these analyses, we targeted two loci that depend on esBAF for maintenance of NDR-adjacent nucleosome occupancy and silencing: a gene-distal DHS on chromosome 2 and the Ttc25 gene (Fig. 5A,D) . Using this method, we obtained multiple independent ESC lines in which the nucleosome immediately adjacent to DHS-chr2 or the À1 nucleosome immediately upstream of the Ttc25 promoter was replaced with the SB sequence. First, we performed histone H3 ChIP-qPCR using primers flanking the targeted nucleosome at each site ( Fig. 5B-E) within the endogenous (nontargeted, wild-type) nucleosome sequence (Supplemental Figs. S11D, S12D) or within the SB sequence ( Supplemental Figs. S11E, S12E) . In wild-type ESCs, these ChIPs confirm a decrease in nucleosome occupancy upon Smarca4 knockdown at both genomic loci. Remarkably, in three independent homozygous targeted (SB/SB) lines each, there is a large increase in nucleosome occupancy (Fig. 5B,E) that is specific for the SB sequence (Supplemental Figs. S11D,E, S12D,E). Furthermore, we observed no noticeable effect of Smarca4 knockdown on nucleosome occupancy over the SB sequence in these lines (Fig. 5B,E) . These data show that, as in yeast (Wang et al. 2011b) , the SB sequence functions as a nucleosome positioning sequence at two functionally distinct loci in mammalian cells, establishing a high-occupancy nucleosome adjacent to a DHS and upstream of the Ttc25 promoter that does not depend on esBAF.
The ability of the SB sequence to enforce a high level of nucleosome occupancy independently of esBAF allowed us to test the hypothesis that high nucleosome occupancy adjacent to NDRs, and not some independent role Cold Spring Harbor Laboratory Press on April 15, 2015 -Published by genesdev.cshlp.org Downloaded from of esBAF, directly represses ncRNAs expressed from these sites. Consistent with our hypothesis, compared with wild-type ESCs, SB/SB ESC lines exhibited low levels of antisense transcription adjacent to the targeted DHS and upstream of the Ttc25 promoter that were not increased upon Smarca4 knockdown (Fig. 5C,F) . At the Ttc25 locus, we also examined the response of three independent heterozygous (+/SB) lines and found that these lines had a moderate increase in as-Ttc25 expression upon Smarca4 knockdown (Fig. 5F) , indicating that the wildtype and SB allele are regulated independently. These data suggest that a strongly positioned nucleosome adjacent to an NDR blocks antisense transcription originating from NDRs at both a gene-distal DHS and the Ttc25 promoter. Therefore, in wild-type cells, we conclude that esBAF suppresses antisense transcription at diverse loci by promoting high levels of nucleosome occupancy adjacent to NDRs.
One explanation for these findings could be that by replacing the endogenous sequence with the SB sequence, we eliminated the binding sites for one or more transcription factors necessary for RNAPII recruitment to the DHS or Ttc25 promoter, thereby impairing transcription by a mechanism independent of nucleosome occupancy. To ensure that knock-in of the SB sequence did not simply disrupt the Ttc25 promoter, we examined occupancy of RNAPII over as-Ttc25 and the promoterproximal NDR as well as expression of Ttc25 mRNA in wild-type, +/SB, and SB/SB lines and tested their dependence on esBAF. Consistent with our finding that esBAF silences ncRNA antisense to Ttc25, RNAPII levels were elevated over the ncRNA transcript upon Smarca4 knockdown in wild-type lines (Fig. 6A) . In contrast, we observed low levels of RNAPII over the Ttc25 ncRNA region in SB/SB lines whether or not Smarca4 was depleted, consistent with our expression data.
In wild-type cells, we observed a slight increase in RNAPII occupancy over the Ttc25 promoter and a modest increase in Ttc25 mRNA expression upon Smarca4 knockdown (Fig. 6A,B) , consistent with our previous expression studies (Yildirim et al. 2011) . Interestingly, we observed a modest increase in both RNAPII occupancy over the Ttc25 coding region and Ttc25 mRNA expression in the SB/SB lines that is independent of esBAF ( Fig.  6A-C) . This finding rules out the possibility that knockin of the SB sequence disrupts the Ttc25 promoter. Most interestingly, these data suggest that by creating a barrier to antisense expression, RNAPII fires more frequently in the opposite direction. 
Position-dependent effects of nucleosome occupancy on ncRNA regulation
Recently, Weber et al. (2014) showed that the +1 nucleosome presents a much stronger barrier to expression of coding genes than downstream nucleosomes, raising the possibility that the positions of highly occupied nucleosomes vis-a-vis ncRNA start sites might be important for repression of these transcripts. To test this possibility, we made three additional sets of SB/SB knock-in lines upstream of the Ttc25 promoter, in which we moved the SB sequence 60 base pairs (bp) upstream (À60), 60 bp downstream (+60), or 180 bp downstream (+180) relative to the normal À1 nucleosome position ( Fig. 7A-C) . These alterations represent modest shifting upstream (À60) of or downstream (+60) from the normal À1 nucleosome position (hereafter the ''+0'' position) as well as a dramatic downstream shift (+180) that partially overlaps with the normal NDR at the Ttc25 promoter. As with the +0 location ( Fig. 5) , knock-in of the SB sequence at these ectopic sites promoted high levels of nucleosome occupancy that were not affected by Smarca4 knockdown (Supplemental Fig. S13A-F) . Interestingly, while the two sets of downstream-shifted SB lines exhibited esBAF-independent silencing of as-Ttc25 expression similar to that of the +0 SB lines, we found that in lines harboring the upstream-shifted nucleosome (À60), as-Ttc25 was derepressed upon Smarca4 knockdown, albeit to levels lower than in wild-type cells (Fig. 7D-F) . Consistent with these findings, we observed an increase in RNAPII occupancy over the as-Ttc25 sequence upon Smarca4 knockdown in the À60 lines but not in the +60 or +180 lines (Supplemental Fig. S13G-I) . These data suggest that shifting the highly occupied nucleosome to a position further away from the as-Ttc25 TSS reduces its ability to serve as a barrier to transcription.
In contrast, for the À60 and +60 SB lines (like the +0 SB lines), we observed a moderate, esBAF-independent stimulation of Ttc25 mRNA expression and RNAPII occupancy over the coding sequence, suggesting that precise positioning of the upstream nucleosome is not required for stimulation of Ttc25 mRNA expression ( Fig. 7G,H ; Supplemental Fig. S13J,K) . However, when the SB sequence was placed far downstream (+180), we observed very low Ttc25 mRNA expression and RNAPII occupancy over the coding sequence, suggesting that increasing nucleosome occupancy too close to the TSS impairs promoter activity at this site ( Fig. 7I; Supplemental Fig. S13L ). Together, these data demonstrate that esBAF represses transcription of ncRNAs by promoting nucleosome occupancy flanking NDRs and that this repressive function is sensitive to the distance of the highly occupied nucleosome from the start site of the ncRNA. Furthermore, we show that this repressive function occurs throughout the ESC genome at not only gene-proximal locations but also the vastly larger number of NDRs located in intergenic regions.
Discussion
Changes in transcription of protein-coding genes are highly correlated with changes in chromatin structure; however, the extent to which chromatin regulatory factors affect production of ncRNAs throughout the mammalian genome has not been examined. Here we report the unexpected finding that esBAF functions as a global repressor of ncRNA expression at both genedistal and gene-proximal sites-bidirectionally from gene-distal DHSs and cryptic promoters of gene bodies and antisense to protein-coding TSSs and TTSs. Furthermore, we show that esBAF accomplishes this repressive function by enhancing nucleosome occupancy adjacent to NDRs from which these ncRNAs are expressed.
While the majority of the noncoding portion of the genome has been shown to be transcribed in mammals, the mechanisms underlying regulation of ncRNA expression remain poorly understood. Previous studies examining regulation of ncRNAs have focused mainly on antisense transcription upstream of promoters (Whitehouse et al. 2007; Preker et al. 2008; Almada et al. 2013; Marquardt et al. 2014) or within coding genes (Kaplan 2003; Carrozza et al. 2005) . However, the vast majority of noncoding regions transcribed in higher eukaryotes are intergenic regions found distal to promoters or gene bodies (Djebali et al. 2012) , raising the question of whether cells use mechanisms to regulate transcription from gene-distal regions of the genome similar to those used in enforcing promoter directionality. In addition, the mechanisms determining whether gene-distal NDRs express ncRNA transcripts in both directions from the NDR or only one are not clear.
The SWI/SNF family of nucleosome remodeling complexes use the energy of ATP hydrolysis to perturb nucleosome structure (Bartholomew 2014) . This activity can result in alterations in the translational positioning of nucleosomes, nucleosome loss, or perturbations in the underlying nucleosome architecture. In general, this activity acts locally to create open chromatin in order to promote transcription of target genes (Hirschhorn et al. 1992; Khavari et al. 1993; Laurent et al. 1993; Ho et al. 2009b Ho et al. , 2011 Yildirim et al. 2011) . Our data support these findings, where esBAF creates an open NDR at many of its binding sites throughout the genome to permit binding of transcription factors. However, we also uncovered an unexpected role of this remodeling complex to maintain occupancy of nucleosomes flanking a large fraction of NDRs regardless of the state of nucleosome occupancy over the NDR (Fig. 4D-G) . At these sites, a reduction in nucleosome occupancy flanking NDRs upon Smarca4 knockdown correlates with elevated expression of ncRNA transcripts. Remarkably, ;15-fold more ncRNA transcripts than mRNAs are affected by esBAF depletion, suggesting that a major function of this essential nucleosome remodeling complex is to restrict RNAPII to regions of the genome where transcription is productive.
Based on these data, we propose that a major function of esBAF is to suppress transcription of ncRNAs via maintenance of defined nucleosome-free and nucleosome-bound segments within small open chromatin domains (;200-bp NDRs plus a few flanking nucleosomes) throughout the genome (Fig. 7J ). Although esBAF regulates nucleosome occupancy at many gene-distal Cold Spring Harbor Laboratory Press on April 15, 2015 -Published by genesdev.cshlp.org Downloaded from DHSs, we found that DHSs with transcripts regulated by esBAF exhibited the most dependence on esBAF for flanking nucleosome occupancy (Fig. 4D) , consistent with this model. We further propose that esBAF acts by similar mechanisms at both gene-distal and gene-proximal NDRs. To directly test our model in which esBAF represses ncRNA expression by promoting high levels of nucleosome occupancy adjacent to NDRs, we inserted an artificial nucleosome-binding sequence to strongly position a nucleosome over two of these NDR-flanking regions. At these model loci, we found that esBAF is no longer required for suppression of ncRNA expression, demonstrating that esBAF regulates these transcripts by promoting nucleosome occupancy. This mechanism is fundamentally distinct from the well-established role of esBAF as an activator of gene expression, which is thought to function by increasing chromatin accessibility.
By moving the position of the SB sequence 60 bp further upstream of its normal (À1) location upstream of the Ttc25 gene, we found that repression of as-Ttc25 by esBAF was partially restored. These data suggest that the À1 nucleosome upstream of promoters and the first nucleosome adjacent to the NDR of a DHS may be critical for repression of ncRNA transcription at these sites. In addition, we observed that different SB positions have uncorrelated effects on sense and antisense transcription. For example, while SB À60 exhibited partial derepression of as-Ttc25 upon Smarca4 knockdown, it caused esBAF-independent up-regulation of Ttc25 mRNA to the same extent as SB +0 and SB +60. In addition, SB +180 reduced expression of Ttc25 mRNA to very low levels but was equally effective as other SB positions in repression of as-Ttc25. These data argue that there is limited coordination of sense/antisense transcription at this site.
Previous work has shown that the outputs of most mammalian promoters are mainly unidirectional due to RNA cleavage and polyadenylation of TSS-proximal antisense transcripts after a few hundred bases of transcription (Almada et al. 2013) . Our data demonstrate an additional layer of regulation in the form of cis-acting regulatory proteins, such as esBAF. Furthermore, we show that this regulation occurs not only upstream of bona fide promoters but at NDRs in multiple genomic contexts.
Additional work is required to understand the functional roles (if any) for pervasive transcription of most ncRNA. Furthermore, given the inability to perturb esBAF function in a manner in which only its mRNA or ncRNA targets are misregulated but not both, it is impossible to determine the relative contributions of each to the self-renewal defect observed upon esBAF loss (Fazzio et al. 2008; Gao et al. 2008; Yan et al. 2008; Ho et al. 2009a,b) . However, our findings reveal that mammalian cells have evolved at least one global mechanism for suppressing ncRNA expression that can occur from thousands of NDRs across the genome. These data suggest that either pervasive ncRNA expression is deleterious to cellular proliferation or viability or ncRNAs are only beneficial in specific, as yet undetermined cell types. Our work focused on one specific nucleosome remodeling factor that functions as an important regulator of ncRNA expression throughout the ESC genome. However, we found that ncRNA expression was kept at similarly low levels in MEFs independently of Brg1, suggesting that the Brg1/BAF complex is not necessary for ncRNA repression in MEFs, although Brm/BAF could carry out this regulatory function in this cell type. Therefore, regulation of ncRNA expression by ATP-dependent nucleosome remodeling complexes may not be limited to esBAF, as alterna-tive nucleosome remodeling factors may perform the same function in somatic cells. Furthermore, given that multiple factors have been shown to regulate promoter directionality in yeast (Whitehouse et al. 2007; Marquardt et al. 2014) , it seems likely that additional factors may contribute to the repression of ncRNA transcripts in ESCs.
Materials and methods
Cell culture E14 mouse ESCs and SV40 T-antigen immortalized MEFs were cultured as previously described ).
RNAi-mediated knockdown
RNAi-mediated knockdown was performed with esiRNAs as previously described (Fazzio et al. 2008) using Lipofectamine 2000 (Invitrogen) for ESC knockdown and Lipofectamine RNAi-Max (Invitrogen) for MEF knockdown. Knockdowns were performed for 48 h.
RT-qPCR
RNA was isolated using TRIzol reagent (Invitrogen). Total RNA was treated with DNase I (New England Biolabs) for 15 min at 37°C. One microgram of RNA was used in a cDNA synthesis reaction using either random hexamers (Promega), oligo-dT, or strand-specific primers (see Supplemental Table S1 ) where indicated, with reverse transcriptase or a no-RT control. cDNA was used as a template in qPCR reactions using a FAST SYBR mix (KAPA Biosystems) on an Eppendorf Realplex with specific primers (see Supplemental Table S1 ). GAPDH was used as a loading control for randomly primed and oligo-dT-amplified cDNA RT-qPCR reactions. For strand-specific reactions, cDNA was prepared in parallel with random hexamers, and a GAPDH loading control was performed.
Western blotting
Whole-cell lysates were extracted using WE16th buffer (25 mM Tris at pH 7.5, 125 mM NaCl, 2.5 mM EDTA, 0.05% SDS, 0.5% NP-40, 10% [w/v] glycerol). Equal amounts of lysate were separated by SDS-PAGE, transferred to nitrocellulose (Life Sciences), and assayed by immunoblotting. The antibodies used to detect Brg1 and actin were as follows: anti-Brg1 (1:1000; Bethyl Laboratories, A300-813A), anti-Oct4 (1:2000; Santa Cruz Biotechnology, sc-8628), anti-Nanog (1:500; Bethyl Laboratories, A300-398A), and anti-actin (1:50,000; Sigma, A1978).
ChIP
Formaldehyde cross-linked chromatin was immunoprecipitated with IgG (Abcam, ab37415), anti-H3 (Abcam, ab1791), or anti-RNAPII (Santa Cruz Biotechnology, sc-9001) antibodies. Immunoprecipitated DNA was used as template for qPCR reactions after reversal of cross-links. See the Supplemental Material for details.
MNase digestion
Formaldehyde-cross-linked, permeablized cells were digested with MNase (control samples were not digested). After reversal of cross-links, DNA digestion was quantified by qPCR. Undigested DNA was used as a control and to calculate a standard curve. See the Supplemental Material for details.
MNase-seq and analysis
MNase-seq was performed similar to the methods described in Henikoff et al. (2011) and Carone et al. (2014) . See the Supplemental Material for details.
CapSeq and analysis
CapSeq experiments were performed essentially as in Gu et al. (2012) . See the Supplemental Material for details.
Whole-transcript, strand-specific RNA-seq and analysis RNA-seq experiments were performed as described in Levin et al. (2010) and Kumar et al. (2012) with slight modifications, and data analysis was performed similarly to CapSeq analysis. See the Supplemental Material for details.
Generation of DHS-chr2 and Ttc25 nucleosome SB lines.
The CRISPR/Cas9 system was used to stimulate recombination of the SB sequence into the genomic regions described (Cong et al. 2013) using guide RNAs designed with the available software . We used gene synthesis (Invitrogen and IDT) to create homology constructs that surround the nucleosome SB sequence (Wang et al. 2011b ) with short (500to 600-bp) homology arms for recombination (see Supplemental  Table S2 ). See the Supplemental Material for details.
Accession numbers
MNase-seq, CapSeq, and RNA-seq data sets have been assigned to Gene Expression Omnibus accession number GSE57170.
